Barnacle Amphibalanus amphitrite adults were collected from the Jeddah coast of the Red Sea during different seasons. The nauplii released by adults in autumn, winter, spring and summer were reared under laboratory conditions to know the larval development duration and settlement in relation to the hatching season. The nauplii reared during winter (11 days) and autumn (13 days) took longer to reach the cypris stage compared to nauplii reared in summer (6 days) and spring (7 days). The most successful settlement of larvae was observed in spring and summer and the least successful − in winter. The observations of gonads showed that summer and spring are the active breeding season for A. amphitrite in the Red Sea. The results of this study indicated that the nauplii hatching season plays a significant role in the larval development and settlement of barnacles in the Red Sea.
INTRODUCTION
Barnacles are the major fouling organisms settling on the hard surfaces throughout the world. Temporal and spatial fluctuations in the recruitment of barnacles and also other fouling organisms on various substrata have been studied over the decades (Qiu, Qian 1997; Satheesh, Wesley 2008; Tabia, Navarrette 2010; Yakovis et al. 2013) . The populations of marine invertebrates in a given area are mainly controlled by the availability of larvae in the water column (Thorson 1950 , Yakovis et al. 2013 . The lifecycle of barnacles consists of six planktonic naupliar stages and a pre-settling cyprid stage. Temperature and nutritional conditions are the major factors reported to affect the breeding and molting processes in barnacles (Anil et al. 2010) .
Amphibalanus amphitrite (=Balanus amphitrite) is used as a model organism for ecological studies (Clare et al. 1994 , Holm et al. 2000 , Khandeparker et al. 2002 , Leslie et al. 2005 , Wong et al. 2011 ) and antifouling assays (Rittschof et al. 1992; Hirota et al. 1996; Hellio et al. 2004; Marechal, Hellio 2011) due to its worldwide distribution and year-round breeding activity. Cyprid attachment and metamorphosis on hard surfaces play a key role in the barnacle life cycle and determine the distribution and abundance of marine habitats (Underwood, Fairweather 1989) . Several studies were conducted on the reproduction, larval development and metamorphosis of A. amphitrite in the seas worldwide (Anil, Kurian 1996; Satuito et al. 1996; Thiyagarajan et al. 2002; Thiyagarajan et al. 2005; Desai et al. 2006; Anil et al. 2010) . However, there has been little research on the effect of the nauplii hatching season on larval development and settlement of barnacles. Furthermore, there is no information on the reproduction and larval development of barnacles from the Red Sea, especially in the Saudi Arabian region.
The Red Sea is a unique region in the tropics as it is partially isolated from the open ocean and landlocked (Shaikh et al. 1986 ). The evaporation rate is reported to be high (>2 m year -1 , Morcos 1970) and rainfall is low, occurring mostly from October to May. The seawater temperature ranges between 25.5 and 31°C (Edwards, Head 1987) and mean salinity values may exceed 40 PSU (Al-Farawati 2010) . In the seawaters, barnacle larvae of different physiological condition experience seasonal variations in environmental factors such as temperature and salinity (Thiyagarajan et al. 2002) . As both internal and external factors are reported to play a key role in barnacle larval development and recruitment, we investigated the effect of nauplii releasing time (season) on larval development and settlement. The objective of the this study was to analyze the role of the nauplii hatching season on the larval development and settlement. In addition, the condition of gonads was observed in each season to understand the changes in the breeding biology of A. amphitrite in the Jeddah coast of the Red Sea. The results of this study will improve our understanding of factors controlling the recruitment of barnacles on hard surfaces in the marine environment.
MATERIALS AND METHODS
Adults were collected from artificial substrata such as wooden pieces, PVC pipes and plastic materials submerged in the Jeddah coastal waters (21°41'46.52'' N and 39°00'14.07''E) during 2012 and 2013. The adult specimens were collected in autumn (mid September -mid December), winter (mid December -mid March), spring (mid Marchmid May) and summer (mid May -mid September) seasons. The collected adults were transported to the laboratory along with the substratum in a bucket with seawater. In the laboratory, A. amphitrite individuals were maintained in a glass tank filled with filtered (Millipore, 0.45 µm) seawater and supported by moderate aeration. The aquarium was kept inside an environmental chamber (EBL Walk-in type temperature and humidity chamber). The water temperature was maintained at 28°C throughout the experiments irrespective of the seasons. The salinity of the filtered seawater used for all the experiments were maintained at 39-40 PSU based on average values of salinity reported in the Red Sea (Edwards, Head 1987 , Al-Farawati et al. 2008 . The seawater of the adult maintenance tank was changed daily and the barnacles were fed with newly hatched Artemia sp. nauplii and a mixed microalgal diet consisting of Skeletonema costatum and Chetoceros sp. The microalgae culture (stock culture from the Aquaculture facility, King Abdulaziz University) was maintained in a separate environmental chamber at 25°C and 30 PSU salinity. Filtered and autoclaved seawater was used for the microalgae culture and the environmental chamber was provided with a 12:12 (L:D) light cycle (5000 lux). The first stage nauplii were normally released by adults within 1-3 days of the aquarium maintenance. The nauplii were concentrated using a narrow light beam and collected by a Pasteur pipette. Larvae were transferred to small aquaria with moderate aeration. Larval rearing tanks were maintained at 16 h light: 8 h dark cycle inside the environmental chamber. The water in the larval tank was changed daily and the nauplii were fed daily with the diatom Skeletonema costatum. The diatom (late log growth phase) concentration in larval culture tanks was adjusted to 2.5 × 10 5 cells ml -1 . The antibiotic Rifampicine (10 mg l -1 ) was added to the larval culture tanks to inhibit the bacterial growth. Naupliar stages were identified according to general descriptions provide by Arnsberg (2001) for balanomorph barnacles. Differences in the larval development duration between different seasons were analyzed by two-way ANOVA (analysis of variance) using seasons and days as factors.
Settlement assay
Cyprid larvae (1 day after moulting from stage VI nauplii) were collected from the aquarium using a plankton net (250 µm) and stored in glass beakers containing filtered seawater (40 PSU) at 6°C prior to use. Cyprids were introduced into polystyrene Petri dishes (20 individuals in each dish). A total of 5 Petri dishes with larvae were maintained in each experiment (i.e. 100 cyprids were used for the experiment in each season). The Petri dishes were maintained inside the walk-in type temperature controlled chamber in each season at 28°C and 16:8 (L:D) light cycle. Petri dishes were then observed under a dissection microscope for metamorphosed cyprids (juveniles) at 24 h intervals. The experiment was repeated 3 times using different batches of larvae in each season. The variation in settlement between larval cohorts were analyzed by two-way ANOVA using seasons and days as factors. The data were also subjected to cluster analysis to find out the seasonal variations.
Observation of gonads
The condition of gonads was observed in fresh specimens under a binocular microscope. A total of 50 individuals above 4 mm in a carino-rostral diameter were selected for the dissection in every season. The dissection of the barnacle was carried out by placing the animal on a glass microscopic slide with a drop of distilled water. The body of the animal was removed from the shells using a needle. From the tissue mass, the ovaries were separated and scored according to the scale reported by Karande (1965) and Satheesh & Wesley (2009) . In brief, five stages were identified based on the observations in the ovary and mantle cavity. 
RESULTS
The results showed a considerable variation in the larval development duration between larvae sourced from the adults collected in summer and winter seasons (Fig. 1) . The nauplii reached stage II within 3 -5 hours in all the seasons and hence larval development duration was followed from stage II to cypris. The nauplii released by adults collected during autumn took 13 days to develop as cyprid larva. Similarly, nauplii of adults collected from the seawater during winter reached the cyprid stage after 11 days. During the summer, the nauplii completed the larval cycle within a shorter time compared to winter. In the summer, nauplii reached the cyprid stage in 6 days. The nauplii released by adults collected during the spring season reached the cypris stage within 7 days.
Stage III nauplii reared during the autumn season reached stage IV after 3 days and it took another 4 days for stage V. Nauplii reared during the winter season also showed more or less similar pattern by taking 2 or 3 days to complete each stage (Fig. 2) . During spring and summer seasons, the larval development up to stage IV was very fast (within 2 days) and after that the nauplii took longer to complete stage V (2.5 and 2 days in spring and summer, respectively) and stage VI (2 days in spring and summer). The nauplii reared in all the seasons reached the cypris stage from stage VI within a day. Two-way ANOVA showed a significant difference in the larval development duration between seasons and days (Table 1) . The settlement pattern of cypris on Petri dishes in laboratory assays are presented in Figure 3 . Settlement of cypris obtained from nauplii released by adults during the winter season was observed from the 2 nd day. The larvae reared during winter had the lowest settlement rate of 28%, followed by 41% in autumn. The nauplii sourced from adults collected during summer had a higher settlement rate than the winter ones. In summer, 72% individuals settled on the Petri dishes, while 68% in the spring season. This indicates that the metamorphic success of the barnacle larvae was high during summer and spring seasons and low in winter. Cluster analysis of the settlement pattern separated the autumn and winter seasons into one group, and spring and summer seasons in another group (Fig. 4) . However, two-way ANOVA did not show any significant variation on the settlement of cypris between different seasons ( Table 1 ).
The condition of the ovary in adults collected during different seasons is presented in Figure 5 . The water temperature during the adult collection period was 29°C (autumn), 27°C (winter), 31°C (spring and summer). The salinity of the coastal water varied between 39 (autumn) and 43 PSU (summer). The individuals having fertilized eggs in the ovary were higher in summer and spring indicating the active breeding activity during this period. During the summer season, 50% individuals were observed with fertilized eggs and 45% in spring. The percentage of individuals with fertilized eggs was very low during winter (3%) and autumn (10%) seasons. There was a higher percentage of stage I (ovary not seen) and stage II (ovary with developing ova) among specimens collected in winter and autumn. The presence of nauplii inside the ovigerous lamella (stage IV) was high during summer (31%) and spring (27%) and low in winter (3%) and autumn (5%) seasons. Similarly, individuals with free nauplii in the mantle cavity (stage V) were observed in summer (14%) and spring (12%). During the winter season, none of the collected individuals had free nauplii in the mantle cavity. Cluster analysis of the ovary stages yielded two groups. The first group consists of autumn and winter seasons, and the second group − of spring and summer seasons (Fig. 6) . 
DISCUSSION
Knowledge of the breeding biology and settlement of barnacles is essential to understand their role in biofouling in a given region and also to develop appropriate control measures. Barnacles in general breed throughout the year in the tropics with seasonal fluctuations (Pillay, Nair 1972; Desai et al. 2006; Satheesh, Wesley 2009 ). The present study indicates that A. amphitrite populations on the Jeddah coast of the Saudi Arabia Red Sea region breeds throughout the year but with seasonal variations. The active breeding season might be spring and summer as individuals with fertilized eggs occurred in large numbers during this period. A previous study by Shalla et al. (1995) showed that barnacle larvae were abundant from April to October with peaks in June/July and September/October in Lake Timsah in the Suez canal. These findings from the nearby region corroborated our results regarding the active breeding period of barnacles in the Saudi Arabian coast of the Red Sea. The reproduction of marine invertebrates is generally influenced by environmental factors in a given area (Begon et al. 1996) . The amount of food is also reported to play an important role in controlling the breeding cycle of barnacles (Barnes, Barnes 1975) .
The development capability of larvae also varied seasonally. The nauplii released by adults collected during autumn and winter took 13 and 11 days respectively to complete the larval cycle. Previous studies by Anil (1991) reported that barnacle larvae hatched from adults collected during late autumn to early spring were characterized by poor development capability compared to those collected in summer months in the Hamana Bay of Japan. In barnacle Balanus balanoides, the total length of the pelagic life depends mainly on the initial neutral lipid levels (Lucas et al. 1979) . Generally, the duration of embryonic development is closely related to the inter-moult cycle in barnacles (Fyhn, Costlow 1977) . Prolongation of inter-moult would allow the nauplii to accumulate more energy before the next moult (Qiu, Qian 1997) . The minimum number of days for reaching the stage of cyprids in our laboratory conditions are well within the development period reported for this species. Thiyagarajan et al. (1996) indicated that tropical balanoid barnacles will complete the larval development within 4 -5 days when fed with diatoms. Rittchoff et al. (1984) also obtained cyprids from A. amphitrite within 4 days. Though minor variations in the larval development duration due to culture conditions and the type of diet were possible (Kado, Kim, 1996) , the large difference in the larval development observed during autumn and winter seasons reconfirmed the findings of Anil et al. (1995) that the season in which larvae are released by adults may play a significant role in the development and settlement.
A. Amphitrite is strongly eurythermal in general and reported to breed at low temperatures (Anil et al. 1995) . However, the decreasing temperature may prolong the larval development in A. amphitrite (Anil et al. 1995) . Temperature and food are the two major factors known to play a key role in the larval development and metamorphosis in barnacles. The previous study by Thiyagarajan et al. (2002) showed that seasonal conditions characterized by well defined settings of temperature and salinity may play a key role in the metamorphic success of the cypris. In Jeddah coastal waters of the Red Sea, temperature in general varied between 23°C and 32°C (Al-Farawati et al. 2008) . In the present study, a constant temperature, salinity and food concentration were maintained to avoid the implications of these parameters on the larval development. Hence, the differences observed in the larval development duration may depend on factors other than temperature, food and salinity.
The results indicate that prolonged larval development in autumn and winter has implications for the settlement of the cypris on the surfaces. The larvae reared during autumn and winter also showed a lower survival rate compared to other seasons. The recruitment of barnacles is influenced by the events during the larval development and factors such as substratum cues (Dattesh, Anil 2005 ). It appears from the present study that the larval experience has a significant impact on the settlement of barnacles. The larvae with slow growth (i.e. longer time to complete the larval development) were characterized by a lower settlement rate in the laboratory assay despite being provided with enough surface and being free from the biotic factors such as predation and completion. As evidenced by the previous laboratory study by Pechenik and Cerulli (1991) , prolongation of the larval life of some invertebrates reduces the post-settlement survival.
Mortality of barnacle larvae is considered to be one of the principal factors in the delayed recruitment during the winter season (Anil et al. 1995; Qiu, Qian 1999) . The results of the present study clearly indicate that prolonged larval development along with mortality are the major factors controlling the settlement of cypris on the substratum in the laboratory. Earlier studies by Jarrett (2003) suggest that mortality of barnacle nauplii in the field during the early juvenile stage is mediated by external factors. The high mortality of larvae in the laboratory, particularly during the winter season indicate that early juvenile life is dependent not only on external factors, but also on internal ones. Though, the exact cause of the higher mortality rate (assessed only for cypris larva) during the winter season was not analyzed in this study, the quality of larvae released from adults might have an important role in the larval development and subsequent settlement success (Anil et al. 1995) . If this is the case, then it is obvious that larval quality depends on the season in which larvae are released by the adults.
While it appears that the larval experience determines the settlement success, actually it is the the adult experience which determines the larval development and recruitment. In barnacles, the fertilized eggs are stored as egg lamellae by a protein membrane in the mantle cavity (Brickner et al. 2010) . The first stage nauplii are released from the mantle cavity into the water. In barnacles, the energy metabolism of eggs plays a significant role in their larval ecology (Anil et al. 2010) . Hence, the ability of adults to delay hatching may have major implications for the energy reserves of nauplii (Anil et al. 2010) . In general, if the retention period is short then the larvae may have enough energy to begin the pelagic life (Lucas, Crisp 1987; Anil et al. 2010) . Observation of the gonads indicates the occurrence of a large number of individuals with ovary stages I and II. So the adults may retain the eggs inside the mantle cavity for a longer period in autumn and winter. Due to a likely longer retention period, there is a chance for the depletion of energy sources, which leads to nonavailability of energy for nauplii. The availability of food for adults may also be one of the reasons for the differences in larval development. The Red Sea Chl-a showed strong seasonal variation with the maximum in winter and minimum in summer (Raitoss et al. 2013 ). In the Jeddah coastal waters, Chl-a had the highest concentration during spring and low concentration in winter (Al-Farawati 2010) . However, the Chl-a concentration represents the total planktonic forms in which some are not preferred by barnacles (Anil et al. 2010 ). The previous study by Anil et al. (1995) also reported that the availability of food for adults is low during late autumn and early spring in the Hamana Bay in Japan and consequently, the larvae released by adults in these seasons had longer development.
In conclusion, our study indicates that season has a clear effect on the reproduction of barnacle A. amphitrite in the Red Sea, and on the larval development and settlement in the laboratory. The results of the present study have major implications for various antifouling assays using cypris. The cypris obtained from nauplii released by adults may vary in the settlement rate depending on the season in which nauplii are hatched out by adults. As most of the previous studies of marine natural product antifoulants were conducted mainly in tropical and subtropical regions (Dhams, Hellio 2009 ) considering the main maritime route that goes through the tropical zones (Marechal, Hellio 2011) , it is important to consider the seasonal larval development and settlement along with other factors when conducting antifouling assays using barnacle larvae.
